INTRODUCTION
Human inflammatory bowel diseases (IBDs) are chronic disorders of the gastrointestinal tract associated with aberrant activation of host immune responses toward constituents of the host intestinal microflora. 1,2 The incidence of IBD is around 0.2 % in developed countries and with no currently available cure, life-long immune-suppressive therapy and surgical intervention may be required. 3 IBD encompasses a heterogeneous group of diseases with two main forms, Crohn ' s disease (CD) and ulcerative colitis (UC), which are distinguished by their clinical and pathological features. 3 Although the precise etiology of IBD is uncertain, our understanding of these complex disorders has been greatly aided by the development of a variety of murine models that have provided tractable systems with which to study IBD pathogenesis. Although these models are themselves highly heterogeneous, with different models replicating different aspects of the human disease, they have confirmed the multifactorial nature of IBD and highlighted how defects in epithelial barrier function or in host innate or adaptive immune responses can precipitate IBD pathology. 1,2 The murine IBD models have also emphasized that diverse triggering stimuli can converge on common downstream immune effector pathways. In parallel, increasingly powerful genome-wide analysis techniques have facilitated progress in identifying host genetic susceptibility loci in human IBD patients. The major current challenge is to reconcile these disparate data sets and to relate the human genetic susceptibility data into potential functional effects that can subsequently be assayed using appropriate murine models. Of particular interest is the identification of cytokine networks that play a dominant role in either induction or regulation of chronic intestinal inflammation as these open up new opportunities for therapeutic intervention. 4 
IDENTIFICATION OF A KEY ROLE FOR IL-23 IN IBD
Interleukin (IL)-23 is a heterodimeric cytokine belonging to the IL-12 family. While IL-12 is composed of an IL-12p40 subunit complexed with an IL-12p35 subunit, the closely related IL-23 comprises the IL-12p40 subunit complexed with the unique IL-23p19 subunit. 5, 6 As IL-23 was discovered only relatively recently, early studies that associated IL-12p40 with many chronic inflammatory disorders, including IBD, were interpreted as reflecting a dominant role for IL-12-driven Th1 responses in disease pathogenesis. 7 In the case of IBD, this hypothesis was strengthened by findings in animal models that genetic ablation or antibody-mediated depletion of IL-12p40 blocked intestinal inflammation. 8 -12 Similarly, intestinal lesions in human CD patients exhibited elevated levels of IL-12 and associated Th1 cytokines. 13, 14 These findings culminated in clinical trials that reported beneficial effects following administration of anti-IL-12p40 antibodies to patients with active CD. 15, 16 However,
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The discovery of the Th1 / Th2 paradigm of CD4 + T-cell subsets redefined our understanding of immunity by highlighting the essential roles of cytokine networks in the induction and regulation of immune responses. Most recently, the identification of an additional subset, known as Th17 cells, has further illustrated the complexity and diversity of effector CD4 + T cells. Th17 responses have been closely associated with the cytokine interleukin (IL)-23 and, although originally pinpointed as having a deleterious role in autoimmune tissue pathology, the IL-23 / Th17 axis has also been associated with protective immunity at mucosal surfaces. Recent progress has highlighted the heterogeneous nature of Th17 responses, has demonstrated diverse cellular sources for Th17-associated cytokines, and has begun to dissect the individual roles of these cytokines in different disease processes. Here, we will review the evidence linking the IL-23 / Th17 axis to chronic intestinal inflammation and also will discuss its beneficial roles in intestinal protection and homeostasis.
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the discovery of IL-23 and the realization that anti-IL-12p40 antibodies would neutralize both IL-12 and IL-23 prompted a re-evaluation of their relative roles in chronic inflammatory diseases.
Pioneering studies in murine models of autoimmune diseases, such as encephalomyelitis and collagen-induced arthritis, demonstrated that IL-23 played an essential role in driving autoimmune tissue pathology 17, 18 and that this was associated with the accumulation of a novel subset of inflammatory CD4 + T cells secreting IL-17A, subsequently termed Th17 cells. 19 -22 Convincing evidence that this novel IL-23 / Th17 axis played a key role in chronic intestinal inflammation was provided by parallel investigations in several different murine IBD models. Targeted depletion of IL-23, either by genetic ablation of the IL-23p19 gene or by using monoclonal antibodies specific for the IL-23p19 subunit, caused a marked attenuation of T celldependent colitis in T-cell transfer models of IBD 23, 24 and also inhibited spontaneous colitis development in IL-10 − / − mice. 25 Furthermore, IL-23 was also required for the induction of intestinal inflammation by innate immune activation, as neutralization of IL-23 blocked the development of typhlitis and colitis in RAG − / − mice that was induced either by infection with the enteric pathogen Helicobacter hepaticus 23 or by administration of agonistic anti-CD40 antibodies. 26 In contrast, selective depletion of IL-12 had no effect on the development of innate immune-mediated or T cell-dependent intestinal inflammation. 23 -26 A second important paradigm to emerge from these studies was that colitis was associated with a marked elevation of IL-23 in the inflamed intestine, but not in systemic tissues such as the liver and spleen. 23, 26 Moreover, systemic immune pathology was not abrogated in the absence of IL-23 but was instead dependent on IL-12. 23, 26 This suggests that IL-23 and IL-12 may have divergent roles in mucosal and systemic immune responses and that selective depletion of IL-23 might abrogate intestinal inflammation while sparing systemic immune responses. The therapeutic potential of IL-23 targeting was recently confirmed in a study showing that treatment with anti-IL-23p19 antibodies ameliorated established colitis induced by adoptive transfer of an enteric bacteria-reactive CD4 + T-cell line. 27 Similarly, the beneficial effects of anti-IL-12p40 antibody treatment in human CD patients were associated with a reduction in IL-23 secretion by lamina propria (LP) mononuclear cells. 16 Together, these findings highlight a crucial role for IL-23 in chronic intestinal inflammation and validate the IL-23 axis as a potential therapeutic target.
Importantly, recent comprehensive genome-wide association studies of large cohorts of IBD patients and healthy controls have confirmed a central role for IL-23 in human IBD. These extensive studies identified several single-nucleotide polymorphisms in the IL-23R gene locus that were associated with either susceptibility or resistance to IBD. 28, 29 A number of additional genetic studies replicated the association of IL-23R gene polymorphisms with CD and also confirmed associations with UC, indicating that genetic variants in IL-23R may contribute to both UC and CD susceptibility. 28 -33 It is not yet clear how IL-23R polymorphisms might predispose to IBD, but the identification of both disease-protective and risk-associated IL-23R variants 28, 29 suggests that delicate regulation of IL-23R signals may play a crucial role in maintaining immune homeostasis in the intestine. The major protective IL-23R variant allele results in an amino-acid change (Arg381Gln) in the cytoplasmic domain of the IL-23R, suggesting that its protective effect may be due to disruption of IL-23R signaling. 28 It has been speculated that the IBD-associated non-coding single-nucleotide polymorphisms found in IL-23R intronic regions might influence the production of different splice isoforms of the IL-23R. 30, 34, 35 IL-23R signals through the Signal Transducer and Activator of Transcription-3 (STAT3) pathway, 6 and it is notable that genome-wide association studies also identified a single-nucleotide polymorphism within the STAT3 locus as being linked to CD. 29 The IL-23R is not expressed on naive T cells, but is predominantly expressed by activated T cells and natural killer (NK) cells, as well as at lower levels by monocytes, macrophages, and dendritic cell (DC) populations. 6 Therefore, polymorphisms affecting IL-23R signaling may potentially influence both innate and adaptive immune responses, and identifying the consequences of IL-23R polymorphisms on the functions of different leukocytes represents an important future goal. The difficulty of this challenge should not be underestimated; the fact that 7 years of intensive investigation has failed to yield any consensus on how mutations in the CARD15 / NOD2 innate immune receptor predispose to the development of CD should serve as a cautionary tale. 36, 37 Insights into the role of IL-23R signals in IBD pathogenesis might be facilitated by development and analysis of mice harboring cell type-specific deletions of the IL-23R. Improved understanding of IL-23R signaling may have benefits beyond IBD, as IL-23R polymorphisms have also been associated with other chronic inflammatory diseases, including ankylosing spondylitis 38 and psoriasis, 39 where anti-IL-12p40 treatment was successfully employed in a recent clinical trial. 40 In addition, IL-23 is a potent tumor-promoting factor and is elevated in human colorectal tumors, 41 suggesting that therapies targeting IL-23 may represent potential prophylactic treatments for inflammation-associated colon cancer in IBD patients.
Like other members of the IL-12 family, IL-23 appears to be secreted by DC primarily in response to microbial stimulation, 6 but the factors that determine whether an activated DC will preferentially produce IL-12 or IL-23 remain poorly understood. However, emerging evidence suggests that distinct combinations of pattern-recognition receptors and their associated signal transduction pathways may trigger differential responses. 42 Although many TLR agonists appear to stimulate synthesis of both IL-12 and IL-23, commensal Gram-negative bacteria or peptidoglycan activation of TLR2 / NOD2 pathways favored IL-23 production 43 -46 as did triggering of the dectin family of C-type lectin receptors 47, 48 or activation of purinergic receptors by extracellular ATP. 49 Preferential stimulation of IL-23 production by peptidoglycan and ATP raises the possibility that activation of specific cytosolic NOD-like receptors (NLR) may contribute to the induction of IL-23. 50, 51 Additional evidence for a role for the intestinal microflora in induction of IL-23 was provided in an elegant study of transgenic mice REVIEW expressing a luciferase reporter gene under the control of the IL12p40 promoter. 52 It was found that under normal physiological conditions, IL-12p40 expression was restricted to a population of lamina propria CD11b − DC in the terminal ileum, a site that is often affected in patients with CD, and that this IL-12p40 expression was predominantly associated with IL-23p19. 52 In addition, many of these LPDCs contained intracellular bacteria, and IL-23-expressing LPDCs were not detectable in germ-free mice. 52 In this respect, it is also worth noting that although Th17 cells are relatively scarce in peripheral lymphoid tissues, they are significantly more abundant in the intestinal LP. 53, 54 In fact, it was recently found that a population of CD11b + LPDC isolated from the small intestine preferentially induced the differentiation of Th17 cells in a transforming growth factor-(TGF-)-dependent manner. 55 Taken together, these findings support the hypothesis that the intestine is a site that is particularly conducive to IL-23 / Th17 responses and that LPDC may facilitate the induction and maintenance of Th17 responses in the gut. Finally, although microbial signals may be the most abundant stimuli for intestinal IL-23 production, the induction of IL-23-dependent colitis by administration of agonistic anti-CD40 mAb indicates that costimulatory signals derived from activated T cells can potentiate IL-23 production in the intestinal mucosa. 26 
IL-23 ORCHESTRATES BOTH PATHOGENIC AND PROTECTIVE IMMUNE RESPONSES IN THE GUT
In terms of the molecular mechanisms by which IL-23 promotes colitis, current evidence suggests that IL-23 drives chronic intestinal inflammation through the induction of a diverse range of inflammatory responses. T cell-mediated colitis was associated with increased expression of a plethora of pro-inflammatory cytokines and chemokines in the gut, including IL-1 , keratinocyte-derived cytokine, monocyte chemoattractant protein-1, IL-6, tumor necrosis factor-(TNF-), interferon-(IFN-), and IL-17A, which were markedly attenuated in the absence of IL-23. 23, 24, 27 Analyses of mucosal CD4 + T-cell responses in two of these studies indicated that IL-23-dependent T cellmediated colitis was associated with strong Th1 responses, with a minor population of Th17 cells also present. 23, 24 However, anti-IL-23p19 antibodies also ameliorated the colitis that arose following adoptive transfer of a bacteria-reactive CD4 + Th17 cell line, a finding associated with increased apoptosis of the Th17 cells. 27 Thus, IL-23 appears to promote the expression of pathogenic Th1 and Th17 responses in the intestine. Somewhat surprisingly, despite the complete absence of T cells, the innate immune typhlocolitis triggered by H. hepaticus infection of 129RAG − / − mice was characterized by an almost identical pattern of pro-inflammatory cytokines and chemokines as found in T cell-mediated IBD, which was again attenuated by treatment with anti-IL-23p19 antibodies. 23 This innate immune pathology was characterized by an accumulation of granulocytes and monocytes in the inflamed intestine, and both populations expressed high levels of IL-17A. 23, 56 IL-23 can trigger the release of pro-inflammatory cytokines such as IL-1 , IL-6, and TNFfrom myeloid cells, 6 which in turn stimulates secretion of additional pro-inflammatory mediators by stromal, endothelial, and epithelial cells. Taken together, these observations indicate that IL-23 triggers a diverse pro-inflammatory cascade in the gut, comprising both acute innate responses as well as pathogenic adaptive responses, which, if left unchecked, can lead to the development of chronic intestinal inflammation ( Figure 1a ) .
A recent study revealed that an additional means through which IL-23 may exacerbate chronic intestinal inflammation is by constraining Treg activity in the intestine. 57 Thus, in the T-cell transfer model of colitis, naive CD4 + T cells were able to induce moderate intestinal inflammation in IL-23p19 − / − RAG − / − recipients when immune-suppressive cytokines were concomitantly neutralized. 57 Moreover, naive CD4 + cells from Foxp3 − / − mice induced severe colitis in IL-23p19 − / − RAG − / − recipients, demonstrating that IL-23 was dispensable for colitis induction in the absence of Foxp3 + Treg activity. Although a previous study suggested that IL-23 may directly inhibit FoxP3 expression by T cells, 58 IL-23 did not inhibit TGF--mediated FoxP3 induction in naive T cells in vitro , 57 so it is IL-23 also drives increased production of IFN-and Th17 cytokines by T cells and non-T cells, as well as impeding Treg cell activity. In this inflammatory environment, the major action of Th17 cytokines may be to promote additional inflammatory cascades by stimulating the production of chemokines that recruit and activate granulocytes and by triggering the release of tissue-degrading MMPs. Positive-feedback loops, such as CD40L -CD40 signals from activated T cells, may lead to sustained IL-23 production and further exacerbate chronic intestinal pathology. ( b ) When the inflammatory stimulus is removed, or when Treg cell activity becomes dominant, immune-suppressive cytokines like IL-10 and TGF-act to resolve the inflammation. During this phase, Treg cell-induced TGFmay act together with residual inflammatory cytokines to maintain Th17 activity. During resolution, Th17-associated cytokines may aid restitution and repair of the epithelial barrier while also fortifying barrier defences that inhibit bacterial colonization. DC, dendritic cell; IFN-, interferon-; IL, interleukin; MMPs, matrix metalloproteinases; TGF-, transforming growth factor-; TNF-, tumor necrosis factor-.
REVIEW not yet clear whether IL-23 acts directly or indirectly via other factors to override Treg activity in the gut. Nevertheless, these results emphasize that IL-23 may control the balance between effector and regulatory T cells in the intestine and also that, in situations where Treg activity is perturbed, colitis may arise through IL-23-independent pathways.
It is important to note that although ablation of IL-23 highly attenuated both innate and T cell-mediated forms of colitis, some residual inflammation persisted, which was not the case when IL-12p40 was depleted. 23, 24 Further evidence that IL-12 can drive intestinal inflammation in the absence of IL-23 was reported in a study of 2,4,6-trinitrobenzene sulfonic acidinduced colitis, where IL-23p19 − / − mice developed more severe intestinal pathology than wild-type (WT) mice, a response that was blocked by treatment with anti-IL-12p40 antibodies. 59 These findings are consistent with previous studies that highlighted pathogenic roles for IL-12 and IFN-in intestinal inflammation. 8 -11,60,61 However, the precise relationship between IL-23 and IL-12 responses in the intestine remains to be elucidated, and they exhibit an important overlapping ability to promote pathogenic Th1 responses. Thus, both IL-12-dependent and IL-23-dependent mechanisms can contribute to intestinal pathology and may even act synergistically to induce maximal inflammatory responses.
Although most studies thus far have focused on the deleterious effects of IL-23 / Th17 responses in host tissue pathology, evidence is emerging that this axis is also involved in mucosal immune defense. 62 This host-protective role was first described in models of pulmonary infection with Klebsiella pneumoniae , where IL-23p19 − / − and IL-17RA − / − mice exhibited greatly increased susceptibility and mortality. 63, 64 Subsequent studies have implicated the role of IL-23 / Th17 axis in protection from a number of pulmonary infections, including Mycoplasma pneumoniae , 65 Mycobacterium tuberculosis, 66 and Bordetella pertussis . 67 Furthermore, IL-23p19 − / − mice also exhibited enhanced susceptibility and mortality following infection with the attaching and effacing (A / E) intestinal bacterium Citrobacter rodentium , 54 which is a murine model of enteropathogenic Escherichia coli infection. In summary, because of its ability to orchestrate a range of innate and adaptive immune responses, IL-23 is an essential component of the host-protective response at mucosal surfaces, particularly against extracellular bacterial infections. Furthermore, as will be discussed more fully below, there is a growing appreciation that the IL-23 / Th17 axis also regulates restitution and repair responses in the intestinal epithelium. However, in circumstances where high levels of IL-23 are sustained for an extended period, the associated chronic inflammatory responses may be a major driver of IBD pathogenesis.
DEVELOPMENT OF TH17 CELLS AND PRODUCTION OF TH17-ASSOCIATED CYTOKINES
As noted above, IL-23 was initially implicated in the differentiation of a new subset of CD4 + T lymphocytes called Th17 cells based on their production of IL-17A (reviewed in refs. 22, 68) . However, subsequent findings clearly demonstrated that IL-23 was not required for Th17 differentiation -in fact, the IL-23R is not expressed on naive T cells 5, 19 -but that activation in the presence of TGF-plus IL-6 directed the development of this subset. 54, 69, 70 Parallel studies established that IL-17-producing CD4 + T cells differentiated through the actions of the specific transcription factor RAR-related orphan receptor-t 53 and represented an effector subset that was distinct from the Th1 and Th2 lineages. 71, 72 The role of IL-23 in Th17 cell biology is still somewhat unclear, although it is believed that this cytokine acts on activated CD4 + T cells that have upregulated their IL-23R following T-cell receptor (TCR) stimulation in the presence of TGF-plus IL-6 or IL-21. 58, 73, 74 Thus, IL-23 may act as an expansion / maintenance factor for Th17 cells. 22, 68 A rapidly expanding body of literature has highlighted that Th17 cells represent a heterogeneous population, capable of secreting a diverse range of cytokines including IL-6, TNF-, IFN-, IL-17A, IL-17F, IL-21, and IL-22. 22, 68 In addition, human Th17 cells may also produce IL-26 and CCL20. 75 Although little information exists on what factors determine the cytokine secretion profile of Th17 cells, the local cytokine microenvironment is likely to provide key cues. For example, recent in vitro findings suggest that primary stimulation in the presence of TGF-plus IL-6 followed by subsequent activation in the presence of IL-23 drives an IL-17 / IL-22-secreting population, whereas if IL-23 is omitted in secondary stimulations, an IL-17 / IL-10 doubleproducing population develops. 76 The strong association of IL-23 with chronic intestinal inflammation 23 -26 has directed attention toward a potential role of Th17 cells in IBD pathogenesis. In the remainder of this review, we will discuss both the pro-inflammatory and the tissueprotective roles of Th17 cells and their associated cytokines in the gut. Importantly, we want to emphasize that additional non-T-cell sources exist for these factors ( Table 1 ) and that IL-23 may drive Th17 cytokine production from non-CD4 + T cells. Thus, rather than exclusively discussing Th17 cells in colitis / tissue repair, we will treat these effector molecules as " Th17-associated cytokines " , regardless of their cellular origin.
TISSUE-PROTECTIVE AND PRO-INFLAMMATORY ROLES OF IL-17A AND IL-17F IN THE INTESTINE
Increased expression of IL-17 family members (IL-17A and / or IL-17F) has been reported in both human IBD 77, 78 and animal models of the disease. 23, 24 In addition, it has recently been reported that polymorphisms in IL-17A and IL-17F genes are associated with increased susceptibility to UC. 79 As mentioned above, CD4 + T cells are an important source of IL-17A and IL-17F, and cells with a Th17 phenotype have indeed been isolated from CD biopsies, 80 suggesting a possible link to pathology. Moreover, data from innate immune-mediated IBD models reported IL-17A expression by several non-T-cell populations in the gut, 23 and immunohistological analysis of biopsy tissue from human IBD patients revealed that IL-17A was clearly produced by both CD3 + T cells and CD68 + monocyte / macrophage populations in the inflamed intestine. 77 However, the functional significance of IL-17A and IL-17F in disease pathogenesis in humans remains to be determined.
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Binding of IL-17A and / or IL-17F to receptors on myeloid and endothelial cells has been shown to promote the expression of IL-1 , IL-6, and TNF-, and chemokines (e.g., IL-8) that are involved in neutrophil mobilization, and thus in driving chronic inflammation in the central nervous system and the lung. 17, 81 On the basis of these findings, it was initially thought that IL-17A and / or IL-17F would also have pathogenic functions in the gut. The finding that neutralization of IL-17A exacerbated disease in the dextran sulfate sodium (DSS) colitis model was therefore somewhat of a surprise, as it suggested a tissueprotective role for this cytokine in the gut. 82 This result could potentially be explained by the ability of IL-17A to stimulate the expression of claudins in intestinal epithelial cells, thereby mediating tight-junction formation and fortifying the mucosal barrier. 83 Moreover, IL-17A has also been described to have antiinflammatory functions by blocking TNF--induced RANTES expression in human colonic subepithelial myofibroblasts. 84 Finally, although not yet described for gut epithelial cells, IL-17A has also been shown to induce mucin production (Muc5) and -defensin-2 in epithelial cells of the airways. 85 A recent report has provided further support for a disease-protective role for IL-17A in intestinal pathology. Thus, in comparison to WT controls, DSS-treated IL-17A − / − mice displayed increased weight loss and more severe diarrhea, as well as increased leukocyte infiltration and more severe disruption of the epithelium. 86 In contrast, IL-17F − / − mice developed reduced intestinal inflammation following DSS treatment and exhibited milder disease symptoms than WT controls. 86 Together, these studies indicate that IL-17A plays a disease-protective role in the intestinal tract, whereas IL-17F may exacerbate the disease. In a separate study, mice with an epithelial cell-specific deficiency in Act1, an adaptor protein involved in IL-17R signaling, also showed reduced severity of DSS-induced colitis, with less neutrophil infiltration and reduced chemokine secretion. 87 Taken together, these findings imply that during the acute intestinal inflammation induced by administration of DSS, the stimulation of IL-17F-driven pro-inflammatory responses predominates over the tissue-protective effects of IL-17A. Similar findings were observed in the 2,4,6-trinitrobenzene sulfonic acid colitis model as IL-17R − / − mice showed reduced colitis scores compared to WT controls, and overexpression of an IL-17R-IgG1 fusion protein resulted in attenuated colonic inflammation. 88 While the above studies focused on chemically induced acute colitis models, the role of IL-17A has also been examined in the well-established T-cell transfer model of chronic intestinal inflammation induced by transfer of naive CD4 + T cells from WT mice into lymphopenic recipients. 89, 90 Using a modified version of this model, in which colitis was induced by transfer of IL-10-deficient CD4 + T cells into RAG − / − recipients, it was found that administration of recombinant IL-23 accelerated the onset of colitis. 25 Additional experiments demonstrated that while neutralization of either IL-6 or IL-17A alone did not significantly reduce the development of colitis in this model, combined treatment with both IL-6-and IL-17A-neutralizing antibodies significantly attenuated the disease, although intestinal inflammation was not completely inhibited. 25 These data argued for the involvement of IL-6 and IL-17A in T cell-mediated colitis, but at the same time indicate that additional factors are required for maximal inflammation. Subsequent studies in T-cell transfer IBD models have examined the role of T cellderived IL-17A in colitis pathogenesis. First, when intestinal inflammation was induced in severe combined immunodeficiency animals by transfer of cecal bacterial antigen-specific Th1 or Th17 CD4 + T-cell lines, it was found that on a per-cell basis, the Th17 cell line was more colitogenic than the Th1 cell line. 27 Thus, adoptive transfer of as few as 10 4 cecal bacterial antigenspecific Th17 cells induced severe colitis, whereas injection of even 10 6 cecal bacterial antigen-reactive Th1 cells triggered only mild intestinal inflammation. 27 However, the mechanism by which the cecal bacterial antigen-specific Th17 cell line induced colitis was not analyzed further, so it is unclear whether IL-17A and / or other Th17-associated cytokines were responsible for their enhanced colitogenic potential. Recently, the requirement for T cell-derived IL-17A in colitis induction was definitively assessed in two independent studies using the classic T-cell transfer model of IBD. These studies clearly demonstrated that T cell-derived IL-17A was not required for intestinal inflammation, as RAG − / − recipients of naive IL-17A − / − CD4 + T cells developed colitis indistinguishable from that observed in mice given naive WT CD4 + T cells. 57, 91 In summary, these results indicate that IL-17A is dispensable for DSS-induced inflammation and that T cell-derived IL-17A NKT cells 152 -154 Monocytes/macrophages 23, 77 Granulocytes/neutrophils 23, 155 IL-17F CD4 + (Th17) 58 
is not required for T cell-dependent colitis. Although a role for non-T-cell sources of IL-17A in the latter model cannot be ruled out until adoptive transfer experiments have been performed using IL-17A − / − RAG − / − recipients, the results from the DSS and 2,4,6-trinitrobenzene sulfonic acid colitis models clearly indicate that IL-17A has tissue-protective functions during acute intestinal inflammation. In contrast, IL-17F appears to play a more pathogenic role in the intestinal tract, as mice deficient in this cytokine showed reduced susceptibility to DSS colitis. However, further experiments in the T-cell transfer model are required to define the potential roles of T cell-derived vs. non-T-cell-derived IL-17F in chronic intestinal inflammation.
IL-21 EXERTS PRO-INFLAMMATORY EFFECTS IN THE GUT
A role for IL-21 in gastrointestinal inflammation was suggested by studies demonstrating enhanced levels of this molecule in tissue biopsies from patients with IBD, Helicobacter pylori infection, or celiac disease. 92 -94 In the case of celiac disease, genetic studies have further identified risk variants in the region harboring the IL21 gene. 95 IL-21 has also been implicated in several other human diseases, including systemic lupus erythematosus, multiple sclerosis, and type I diabetes, and data from experimental models of these disorders support a pathogenic role for IL-21. 96, 97 For example, administration of IL-21 prior to the induction of encephalomyelitis enhanced clinical disease, 98 and IL-21 blockade using an IL-21 / Fc fusion protein was shown to ameliorate symptoms in a mouse model of systemic lupus erythematosus. 99 Similarly, treatment with an IL-21R / Fc fusion protein was recently shown to attenuate gut inflammation in the DSS colitis model, and IL-21 − / − mice were reported to be largely resistant to both DSS-and 2,4,6-trinitrobenzene sulfonic acid-induced colitis, 100 indicating pro-inflammatory effects of IL-21 in the intestine. IL-21 is mainly produced by activated CD4 + T cells, 58,73,74,101 but NKT cells 102, 103 and T follicular helper cells 104, 105 can also secrete this cytokine. Among CD4 + T cells, the Th17 subset is the main producer of IL-21, which is thought to act in an autocrine loop, sometimes in combination with TGF-, to further induce Th17 cells. 58, 73, 74 Importantly, both IL-21 − / − and IL-21R − / − mice are defective in generating Th17 responses, 58, 73, 74 arguing for an essential role for this molecule in Th17 differentiation. This finding may be explained by the fact that IL-21 mediates enhanced expression of RAR-related orphan receptort and IL-23R. 58, 74 IL-21 acts on a variety of cells of the immune system, including B cells, CD4 + and CD8 + T cells, NK cells, and DCs. 96, 97 In addition -and of potential importance for intestinal inflammation -the IL-21R is constitutively expressed on intestinal fibroblasts and gut epithelial cells. 106, 107 Stimulation of intestinal fibroblasts with IL-21 led to enhanced secretion of matrix metalloproteinases, molecules that mediate mucosal tissue degradation. 107 Moreover, stimulation of a colonic epithelial cell line with IL-21 resulted in enhanced synthesis of the T-cell chemoattractant MIP-3 / CCL20, 106 and in vivo blockade of this chemokine attenuated lymphocyte recruitment into the intestine in DSS-induced colitis. 108 Another mechanism by which IL-21 may augment or sustain pro-inflammatory responses in the intestinal tract is by enhancing IFN-production by T cells and NK cells. 109, 110 Indeed, IL-21 has been reported to promote Th1 responses in biopsies from CD and celiac disease patients. 92, 94 However, under other circumstances, IL-21 has been reported to have an inhibitory effect on IFN-expression and to promote Th2 responses, 111 -113 suggesting that its effects on T-cell responses may be context-dependent. Finally, mirroring previous findings with IL-6, 114 IL-21 has been reported to render CD4 + CD25 − T cells resistant to Treg-mediated suppression, 115 -117 providing another mechanism through which IL-21 may exacerbate intestinal inflammation.
Taken together, the pleiotropic effects of IL-21 may contribute to chronic intestinal inflammation in two main ways. First, IL-21 may augment pathogenic leukocyte responses in the gut, especially those mediated by Th1 and Th17 cells, and potentially also by NK cells. Second, IL-21 may exacerbate inflammation through its effects on tissue cells in the gut, stimulating the production of T-cell chemoattractants and inducing the release of tissue-degrading matrix metalloproteinases. Further studies on the effects of IL-21 depletion in murine models of chronic IBD should help test these hypotheses and validate IL-21 as a possible therapeutic target.
IL-22 PLAYS A KEY ROLE IN PROTECTING THE MUCOSAL BARRIER
Another effector cytokine that is preferentially produced by Th17 cells is IL-22, which is a member of the IL-10 family of cytokines. 118 -120 The IL-22R complex is not expressed by leukocytes, but is highly expressed by epithelial cells in the intestine, skin, and lung, as well as by resident tissue cells in many organs including the liver and kidney. 118 -124 Thus IL-22 targets nonhematopoietic cells and has been primarily proposed to increase innate tissue defenses. 122 An involvement of IL-22 in chronic intestinal inflammation is suggested by the findings that colonic and serum IL-22 levels are increased in IBD patients and in several mouse models of the disease. 125 -130 Although increased IL-22 is a feature of UC and of acute IBD models such as DSS colitis, significantly higher levels were reported in samples from CD patients and in the T-cell transfer model of colitis. 125 -129 Recent analyses of a cohort of over 200 CD patients revealed that higher serum IL-22 levels correlated with increased disease activity and also with susceptibility-associated IL-23R polymorphisms. 130 A pro-inflammatory role for IL-22 was further supported by the in vitro observations that stimulation with IL-22 led to increased expression of IL-8 and TNF-by intestinal epithelial cells, as well as increased expression of pro-inflammatory cytokines, chemokines, and matrix metalloproteinases by colonic myofibroblasts. 125, 126 However, IL-22 also stimulated -defensin expression and increased proliferation and migration of intestinal epithelial cells, suggesting a potential role in healing and restitution of the epithelial barrier. 125, 126 Very recent studies in mouse IBD models have confirmed an important role for IL-22 in protection and repair of the epithelial barrier. The UClike pathology that spontaneously develops in TCR − / − mice was attenuated by local delivery of IL-22, which was associated with enhanced goblet cell restitution and mucus production. 129 Similarly, IL-22 expression was increased during recovery from DSS-induced acute colitis, and neutralization of IL-22 delayed recovery and goblet cell restitution. 129 In addition to regulating inflammatory and repair responses, the importance of IL-22 for defense against intestinal bacterial infection was revealed in a recent study demonstrating that IL-22, but not IL-17A or IL-17F, was required for protection against infection with the intestinal bacterial pathogen C. rodentium . 131 This protective IL-22 response was induced in an IL-23-dependent manner during the early phase of C. rodentium infection, but was not mediated by T cells; instead CD11c + DC appeared to be the major source of this innate IL-22. 131 Furthermore, IL-22 induced the expression of several antimicrobial proteins in the colon, including Reg family proteins, and the treatment of IL-22 − / − mice with an RegIII fusion protein partially restored resistance to C. rodentium infection. 131 IL-22 was also recently shown to play a crucial role in protection of the lung against Klebsiella pneumoniae infection and this was associated with increased elaboration of inflammatory chemokines, as well as induction of antimicrobial peptides. 124 A dual role for IL-22 in tissue protection and inflammatory pathology has also been reported in the skin. While IL-22 drives proliferation, migration, and production of antimicrobial peptides by keratinocytes, 119, 122, 132 it has also been implicated in the pathology of psoriasis lesions, 120, 133 and treatment with IL-22-neutralizing antibodies ameliorated disease in a murine model. 134 In contrast, studies using a mouse model of ConAdriven acute hepatitis have shown that IL-22 plays a key role in protecting against inflammatory pathology in the liver, as IL-22 − / − mice exhibited greatly increased liver damage, and administration of recombinant IL-22-or IL-22-expressing Th17 cells attenuated liver pathology. 135, 136 Its attenuating effects in the TCR − / − and DSS colitis models 129 illustrate a potential anti-inflammatory role for IL-22 in intestinal inflammation, and this is supported by the findings that it may stimulate IL-10 secretion by intestinal epithelial cells. 123 Furthermore, some investigators have proposed that the increased serum IL-22 levels observed in CD patients may trigger an anti-inflammatory regulatory pathway through induction of lipopolysaccharide-binding protein in hepatocytes, a molecule that can limit systemic inflammatory responses to LPS. 127 It remains unclear as to how IL-22 is able to mediate such divergent pro-and antiinflammatory responses in different tissues. As IL-22R activates the STAT3 pathway, which is known to regulate both pro-and anti-inflammatory signals, additional studies of IL-22-induced STAT3 signal transduction in different cell types may provide some mechanistic insight. 137 In summary, by promoting innate tissue defenses at mucosal surfaces, IL-22 plays a key role in controlling extracellular bacterial infections and in fortifying the epithelial barrier, but its role in chronic intestinal inflammation remains ambiguous. It is hard to reconcile the disease-attenuating effects of IL-22 in the DSS and TCR − / − colitis models with its high level of expression in T-cell transfer colitis and in active CD. Further studies are required to more fully elucidate the potential role of IL-22 in chronic intestinal inflammation and to ensure that therapies targeting IL-22 in chronic disease do not result in enhanced susceptibility to mucosal infections.
TH17 AND TREG CELLS: COORDINATING PROTECTION AND REPAIR RESPONSES IN THE GUT?
Th17 and Treg cells are widely viewed as having a reciprocal relationship, linked through their shared use of TGF-as a differentiation factor. 54,68 -70 However, this is an over-simplification based largely on the reported pro-inflammatory activities of Th17 cells, without full consideration of their tissue-protective functions. One possibility that has not yet been fully elucidated is that Treg and Th17 cells may play complementary roles in intestinal homeostasis. The beneficial effects of Treg activity in suppressing chronic inflammation in the gut may be partially offset by compromising protective immune responses. TGF-plays an important role in the development and function of Treg cells and is a crucial cytokine for suppressing chronic colitis. 138 -141 However, in vitro studies have already indicated that Treg cells can promote the development of Th17 cells in a TGF--dependent manner; 70, 142 therefore, the increased TGF-associated with Treg activity may be simultaneously enhancing tissue-protective responses in the gut. It is relatively easy to imagine a scenario in which Treg cells infiltrate an inflamed gut, causing a concomitant increase in active TGF-in an environment that is already rich in pro-inflammatory cytokines, creating favorable conditions for Th17 cell development. This effect of Treg cells could be amplified by their inhibition of Th1 responses and by their consumption of IL-2, thus reducing factors that may limit Th17 differentiation. 143 It is also worth noting that the precise relationship between the Treg and the Th17 cell lineages is still unclear and there is evidence that Treg cells themselves can be induced to secrete IL-17 in vitro . 142 As illustrated in Figure 1b , the synchronous activation of Treg and Th17 cells in the gut could permit the resolution of chronic inflammation by Treg cells, while maintaining Th17-mediated protective immunity, for example by increasing production of defensins and Reg proteins. In addition, as noted above, Th17-associated cytokines are also potent stimulators of mucin secretion and of intestinal epithelial cell proliferation and migration, and are therefore likely to play important roles in tissue repair and restitution of the epithelial barrier. Thus, although environments rich in IL-23 may facilitate expression of the full pathogenic potential of Th17 cells, Th17 activation in the context of a strong Treg / TGF-response would favor tissue-protective and repair functions. In summary, the interactions between Treg and Th17 cells appear to be more complex than a simple reciprocal relationship would predict, and these distinct CD4 + T-cell subsets might work together to coordinate epithelial protection and repair in the gut.
CONCLUSIONS AND PERSPECTIVES
Over the past few years, accumulating experimental and clinical data have endorsed IL-23 as a therapeutic target in IBD. However, much remains to be learned about how IL-23 drives chronic intestinal inflammation. Furthermore, the heterogeneous nature of Th17 responses, and the multiple cellular sources REVIEW and functions of Th17-associated cytokines in the intestine make it difficult to precisely define the roles of individual cytokines in disease pathogenesis. Their diverse roles in coordinately regulating inflammatory as well as protective and repair responses in mucosal tissues suggest that careful consideration should be employed in weighing up the pros and cons of targeting Th17-associated cytokines in disease, a problem compounded by the heterogeneous nature of human IBD. Nevertheless, continued progress in molecular phenotyping of human IBD, in combination with further analyses of IL-23 / Th17-associated cytokines in chronic IBD models, should facilitate the development of tailored therapies that target defined cytokine pathways in individual patients. Lastly, the interplay between Treg cells and the IL-23 / Th17 axis in the gut is another poorly understood topic that requires further investigation. A better understanding of the IL-23 / Th17 axis in intestinal homeostasis could have important implications for the rational design of future IBD therapeutics and may also open up new opportunities for improved vaccines against mucosal infections.
